Screws in COREX shaft furnace are used to discharge burdens to the latter processor -the melter gasifier. They play a very important role in the uniform drawdown pattern, which directly affects the uniform gas distribution and further the smooth operation in the COREX shaft furnace. Therefore, a three dimensional model is established based on the discrete element method (DEM) in the present work. The model is used to investigate the effect of the bottom diameter of COREX shaft furnace, the cylinder height and the screw flight diameter on particle descending velocity along the radius during discharging process. Results show that the descending velocity decreases along the radial direction. It is better to decrease the bottom diameter of COREX shaft furnace, or the screw flight diameter, or to increase the cylinder height in order to achieve a uniform descending velocity along the radius. An optimization model is also proposed for uniform drawdown pattern in the end.
Introduction
Screws are extensively used for transporting powders or particles in food, cement, mineral processing and agricultural industries. And they have been investigated experimentally and theoretically by many researchers. For example, Bates compared the different flow pattern by conducting a series of experiments on the combination of different screws and materials in a hopper. 1) Yu and Arnold proposed a theoretical model for achieving a uniform flow pattern based on the pitch characteristic of screws. 2) Screws are also applied into the ironmaking field, especially the COREX process, which is composed of two reactors: the shaft furnace (hereafter "CSF") and the melter gasifier. [3] [4] [5] COREX process realized its largest-scale production in terms of C-3000 in Baosteel at the end of 2007. However, due to its short history in comparison with blast furnace process, the C-3000 process faces lots of problems, such as gas distribution and burden sticking in CSF. [6] [7] [8] [9] [10] [11] In terms of screws in CSF, eight screws are centrosymmetrically located at the bottom of CSF in order to discharge burdens into the melter gasifier for further reaction. The screws determine the particle descending velocity along the radius, which has significant effect on the gas distribution, and further on the smooth and efficient operation in CSF. However, the screws in CSF have not been investigated yet for the short history of C-3000 process. Therefore, it is necessary to systematically study the particle descending velocity along the radius in CSF during the discharging process by screws.
The discrete element method (DEM), developed by Cundall and Strack, 12) has become one of the most popular and reliable simulation methods for granular behavior. In the screw feeder or conveyor field, plenty of papers have been reported that the simulation results based on DEM coincided well with experiments and plant data. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] For example, the performance of screw conveyors based on DEM was firstly conducted by Shimizu and Cundall. 13) They found that DEM is well developed and useful to analyze the performance of screw conveyors after comparing the results with previous work and empirical equations.
Therefore, in the present work, a three dimensional model of CSF is established based on DEM. The influences of the bottom diameter of CSF, the cylinder height and the screw flight diameter on the particle descending velocity are further studied by the established model. An optimal design is proposed in order to obtain a uniform drawdown in CSF at last.
DEM Method
In DEM, particle's movements are described as inter-particle model, shown in Fig. 1 , that a particle may collide with neighboring particles or the wall. 12, 24) The model consists of spring and dashpot in the normal direction, spring, dashpot and slider in the tangential direction. Figure 2 illustrates the interactive forces between particles. At any time τ, the governing equations for particle i can be written as follows. [25] [26] [27] . Where, mi, Vi, and ω ωi are the mass, translational velocity and angular velocity of particle i, respectively, and K is the number of particles in contact with particle i. Ii is the moment of inertia of particle i, given by Ii=2/5miRi 2 . The forces involved are the gravitational force, mig, and interparticle forces between particle i and j, which includes the normal and tangential contact forces, Fcn,ij and Fct,ij, and damping forces in normal and tangential directions, Fdn,ij and Fdt,ij. Torques Mt,ij and Mr,ij arise from tangential forces (Fct,ij+Fdt,ij) and rolling friction, respectively. All the forces and torques used in the model are listed in Table 1 . [28] [29] [30] 
Model Simulation
A COREX-3000 process was put into production at Baosteel in 2007. A three dimensional model of CSF (hereafter referred as "base model"), shown in Fig. 3 , is established based on the one in Baosteel, but the size and dimensions are not the same due to the confidential agreements with Baosteel. For example, the CSF height is shortened in the model, and the CSF wall is designed vertically. However, this does not affect the laws and results on particle descending velocity. The eight screws in CSF are of same size, and the schematic diagram is presented in Fig. 4 . It can , n=δ δn,ij/|δ δn,ij|, t=δ δt,ij/|δ δt,ij|, Vij=Vj-Vi+ω ωj×Rj-ω ωi×Ri, Vn,ij=(Vij·n)·n, Vt,ij=(Vij×n)×n. Note that the tangential forces (Fct,ij+Fdt,ij) should be replaced by the maximum friction force μs|Fcn,ij+Fdn,ij|t when they are larger than later force.
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be seen that the screw is with constant tooth thickness t, screw core diameter DC and screw length L, which are 50 mm, 500 mm and 5 000 mm respectively. The screw flight diameter D and pitch p are expanded along the radius and the geometric properties of screws are illustrated in Table 2 . Therefore, the variable screw flight diameter D(x) and pitch p(x) at any point x along the screw length can be written as (6) where ηv is the volumetric efficiency, which is defined as the ratio of the actual volumetric flow to the maximum theoretical volumetric flow. (8) where Dm is the effective mean screw diameter, which is defined as the average of the screw flight diameter and screw core diameter.
In Baosteel, CSF is charged with mixture burden of ore, pellet, coke and flux from the hopper and distributor. As the burden sizes range widely, it will take numerous time to carry out the simulation according to the actual sizes of burden.
Thus the simulation select pellet as the object because the volume of pellet is larger than the others. The pellet is assumed as spherical particle in the simulation and the condition of pellet is presented in Table 3 . It should be noticed that the particle diameter is enlarged. This is because it is almost impossible to do the simulation with the actual particle size in this work, for instance, the number of particles in the simulation is over 11 million if the particle diameter is five times large, and it costs over 700 hours just to generate the particles, let alone the other parts like screw rotating. Therefore, the particle diameter has to be enlarged and the accuracy of this enlargement will be discussed later.
The geometries in the base model, including CSF wall, screw, cylinder and so on, are made of steel, and they are called wall generally. The parameters used in the simulation are collected in Table 4 . 26, 27, 34, 35) According to Fernandez, 22) the static friction coefficient between particle and screw surfaces (including the screw flight surface, the outer surface of screw shaft and so on) is set as 0.364, corresponding to the angle of friction on screw flight surface of 20°. The coefficient is smaller than that between particle and CSF wall for the consideration of that the screw may be polished by particle flow. The simulation procedure is as follow. Firstly, build the geometry of the three dimensional model with shaft wall and screws together; Secondly, import the geometry as surface mesh into the DEM and set up all the parameters in the simulation; Thirdly, fill the CSF to 90% full with 1 440 tons well-mixed pellet particles mentioned above. Then the eight screws start to rotate around their own axes in order to extrude the particles from CSF. At last, stop the simulation until the particles cannot be extruded out of the CSF any more.
In the C-3000 operation of Baosteel, it takes 6-7 hours to extrude these particles out of CSF. Thus, the screw rotating speed in the simulation has to be accelerated in order to improve the calculation time since 1 second movements of particles cost half an hour calculation time in average s Where, the static friction coefficients of particle and wall stand for the coefficient of particle-particle and particle-wall, respectively, so do the rolling friction coefficient and restitution coefficient. Three levels with 1 m height are examined in order to analysis the particle descending velocities along the radius. The schematic diagram is shown in Fig. 5 .
A series of same sized cuboids with 1 m height are selected in the three levels to measure the particle velocities along radius around peripheral directions. And the peripheral locations are defined in Fig. 6 , corresponding to the top view of CSF in Fig. 3 . In Fig. 6 , the plus X and Y directions are defined as 0° and 90°. It can be seen that there are screws in the directions of 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315° (hereafter "screws") while there are no screws in the directions of 22.5°, 67.5°, 112.5°, 157.5°, 202.5°, 247.5°, 292.5° and 337.5° (hereafter "no screws"). The X-direction and Y-direction component velocities of particle are too small to be considered after confirmation. Therefore, the paper only investigates the Z-direction component velocity of particle. The Z-direction velocity varies at first and then becomes relatively stable during the screw extruding process, thus the velocities in the relatively stable period are averaged to represent the velocity at the point of radius.
In order to validate the accuracy of the assumption of particle diameter, a model is also established basing on 10 times large particle diameters (hereafter "10× model"), and the diameters of particles are 60 mm, 120 mm and 180 mm. The numbers of large, medium and small are 45 865, 154 568 and 1 236 125, respectively. And this simulation cost about 360 hours to complete. Figures 7, 8 and 9 show the comparisons of the Z-direction velocities along peripheral directions for the 10× model and the base model in Level 1, 2 and 3, respectively , where the negative velocities suggest particle descending velocity is opposite to the positive Z direction. It can be seen that the Z direction velocities for the two models in the three levels show slight differences. Additionally, it should be noticed that the particle diameter in the present model is close to the radius of the screw shaft. The ratio of the screw diameter to the average particle diameter is 2.5 in the present model, and it is about 4.17 in the 10× model. In the work of Fernandez et al., 22) the screw shaft diameter is from 22.5 mm to 37.5 or 45 mm, and the diameter of the spherical particle is 5 mm, which leads to a the ratio of 4.5 to 9. And in the work of Hu et al., 20) the ratio is about 3.93. Thus, the ratio of 10× model is reasonable according to these research. Since there is almost no difference between the present model and 10× model, the assumption of enlarging particle diameter to 200 diameter has no influence on the particle movement in the CSF. Therefore, the present model is reasonable and can used to investigate the particle movement in CSF.
Since the screws are periodically installed in the bottom, it is thought that the un-uniform movements of particles along the peripheral directions appear in the lower part. Therefore, the cross-sections, parallel to the X-Y plane, of Z direction descending velocity of particles are extracted 0.75 m and 2.5 m high from the CSF bottom and shown in Fig. 10 .
It can be seen that the particle descending velocity between screws is much smaller than that above screws. This is because the particles between screws cannot be affected by the screws directly. It should be noticed that the velocities along peripheral directions in Fig. 10(b) seem to be uniform. In order to evaluate them quantificationally, the descending velocities are extracted in level 3 and presented in Fig. 11 .
The velocities show slight differences in both screws and no screws areas. This means the velocities are almost uniform in peripheral directions in level 3, so are in level 1 and 2. Therefore, the cross-section of particle descending velocity along 180°-0° direction is used to represent the velocity distribution in the CSF visually, which is shown in Fig. 12 , where the red particle means small descending velocity while the blue one means large velocity. There exists a blue part in the central area of CSF, which means that the particle descending velocity in the central area is the largest. The reason is that the effect of the first flight is quite large and direct for the particle movement, which is also found in Yu and Arnold's work.
2) The velocity reduces with the increase of the height from the CSF bottom and from center to wall areas. In order to study the velocity quantificationally, the average of velocities in the above 16 directions is calculated and used to represent the velocity along radial direction, which is illustrated in Fig. 13 .
It can be seen from Fig. 13 that the descending velocities in each level decrease along radial direction. And the difference between the maximum and minimum velocities is the biggest at Level 3, 0.438 m·s -1 , while it is smallest at Level 1, 0.113 m·s -1 , which implies that the velocity along the radius is relatively even at higher level of CSF while it becomes uneven at lower level of CSF. Specifically, the standard deviations from Level 1 to Level 3 are 0.041, 0.080 and 0.165, respectively. Thus, it is of necessity to investigate the velocities along the radius at different conditions in order to obtain a uniform velocity distribution since the uniform drawdown pattern is the best way to discharge materials from CSF.
Results and Discussion
The factors investigated in this paper include the bottom diameter of CSF, cylinder height and screw design.
The Bottom Diameter of CSF
In this paper, the bottom diameter of CSF refers to the diameter at the top plane of screws. Figure 14 illustrates the schematic diagram of different bottom diameters of CSF.
It can be seen that the CSF becomes narrower with the bottom diameter of CSF decreasing. The visual representation of velocity distribution is shown in Fig. 15 .
In Fig. 15 , the low velocity areas at the both sides of CSF bottom turn to smaller with the bottom diameter of CSF decreasing while other areas almost remain unchanged. Therefore, the velocities along the radius in three levels are extracted and presented in Fig. 16 in order to study the phenomenon quantificationally.
In three levels, the descending velocities within 0.4R are almost the same at different bottom diameters of CSF, while they increase a little with the bottom diameter of CSF decreasing. For example, in the case of 7 m bottom diameter, the descending velocities at 0.9R from Level 1 to Level 3 increase by 16.85%, 36.99% and 111.10% respectively comparing with the base model. This is because the length of the screw below the CSF becomes shorter, which leads to the burden volume above screw relatively increase, and further increases the volumetric efficiency. 
The Cylinder Height
Since the descending velocity in central area is largest in each level of base model, a cylinder with 2 m diameter is placed on the bottom of CSF in order to limit the velocity in central area. The cylinder heights investigated are 0 m, 0.5 m and 1 m respectively, and the cylinder with 0 m height refers to the base model. Figure 17 illustrates the cross-sections of velocity distribution at different cylinder heights.
It can be seen that the blue area of high descending velocity is becoming smaller with the increase of cylinder height. This means that the descending velocity in the central area is limited by the cylinder. The velocities along the radius are shown and analyzed in Fig. 18 .
In Level 1, there is almost no difference for velocities among the three cylinder heights. In Level 2, the descending velocities beyond 0.3R are almost the same while they become smaller with the increase of cylinder heights within 0.3R. Specifically, the descending velocity in the case of 1 m cylinder height decreases by 11.76% compared with that of base model. In Level 3, the descending velocities also decrease before 0.5R with the cylinder heights rising, and the velocity in the case of 1 m cylinder height is 28.54% smaller than that of base model. And the standard deviation in Level 3 decreases from 0.158 to 0.108. This implies that the descending velocities in the central part reduce when the cylinder height increases, especially in level 2 and 3, which help to obtain the evenness of drawdown patterns.
As for the C-3000 in Baosteel, there is a man-made deadman at the central bottom of CSF. The diameter of the deadman is the same as the empty area formed by the eight screws and the height of the deadman's cylinder part is 0.9 m, close to the height in this work, which validates the results of this paper.
The Screw Flight Diameter
The screw flight diameter D used in the base model is from 800 mm to 1 150 mm. It can be inferred that the screw flight diameter near to the center is a little large since the descending velocity in the center is higher. Thus, the screw flight diameter near the center is reduced to decrease the descending velocity in central area. The condition of different screw flight diameter is tabulated in Table 5 , where the pitch p, screw core diameter DC and the end of screw flight diameter D are the same as base model.
According to Yu and Arnold's work, 2) the screw can Therefore, the profile coefficients fp from No.2 to No. 6 pitch (only six pitches are working in the CSF, the other two pitches are in the casing.) for Base model, Screw A and Screw B are calculated and presented in Fig. 19 .
It can be seen from Fig. 19 that the fp increases from No. 2 to No.6 pitch for all three screws, and the fp slope for Screw B is largest, the next is Screw A, the screw of Base model is the smallest. And the law is the same as Yu and Arnold's for the case of variation of the screw flight diameter. It should be noticed that the fp of No. 6 pitch for Screw B is close to 1. This means that the design of screw flight diameter is reasonable and measures for uniform drawdown pattern should be focused on other pitches.
The geometry is rebuilt by replacing all the screws in the base model with screw A or B, and then the geometry is imported as surface mesh into the DEM. Finally carry out new simulations from the initial beginning by setting all the parameters. The results of velocity distribution are presented in Figs. 20 and 21 .
In Fig. 20 , it can be seen that the high descending velocity of blue area is shrinking with the decrease of screw flight diameter. This can be also found in Level 1 of Fig. 21 , the descending velocities for Screw B are smaller than those for base model and Screw A, and they are more stable. In Level 2, there exists a turning point-0.6R; the descending velocities are smallest for Screw B and biggest for the base model before the turning point, while the biggest and smallest velocities reverse after the turning point. Thus the velocity at 0.1R in the case of Screw B decrease by 18.48% comparing with that of the base model and the standard deviation decreases from 0.087 to 0.055. This is because the screw design for Screw A and B weaken the entrainment capability of inner part of screw. In Level 3, the turning point changes to be 0.5R, and the range for velocities decrease is becoming large. The velocity at 0.1R and the standard deviation in the case of Screw B decrease by 21.37% and 32.91%. It can be conclude that the velocity distribution along the radius turns to be stable when the screw flight diameter reduces.
The Optimization Model
According to previous simulations, the bottom diameter of CSF and the screw flight diameter should be reduced while the cylinder height should be increased in order to achieve an evener velocity along the radius. Thus, an optimization model is established by combining the above factors. The bottom diameter of optimization model is 7 m since the angle between the shaft wall and the vertical line has reached over 6°, which is the limit of CSF angle. The cylinder height is 1 m for the cylinder top has reached the top of screw shaft, and the uniform drawdown will be worsen if the height increases. Screw B is also used in the model because profile coefficients fp of No. 6 flight is near 1, which means a uniform drawdown pattern. Because the factors except screw flight diameter investigated in our work is quite new in this field, there is no calculation model available for the optimized model combining all the factors. Additionally, the mathematical model is also our work in the near future, and we hope to work it out and report it soon. The cross-section of velocity distribution in the optimization model is presented in Fig. 22 .
It can be found that the velocity distribution is almost uniform except few red area of low descending velocity. Then the velocities along the radius between the base model and the optimization model are compared in Fig. 23 .
In Fig. 23 , the descending velocities along the radius for the optimization model seem flatter than those of the base model in each level. And the range of velocity values becomes narrower for the three levels, quite different from that of the base model. Specifically, the standard deviations from Level 1 to Level 3 decrease from 0.038, 0.087 and 0.158 to 0.024, 0.031 and 0.034, respectively. And the difference between largest and smallest descending velocities decreases from 0.410 m·s -1 to 0.086 m·s -1 . Therefore, the velocity distribution of the optimization model is more reasonable for discharging materials evenly. Thus the paper has proposed a practical way to improve the descending velocity along the radius by optimizing some parameters. Since Baosteel decided to move the COREX process from Shanghai to Xinjiang, the results in this paper can help to optimize the design of CSF greatly.
Conclusions
The paper establishes a three dimensional model of CSF to study the particle descending velocity along the radius based on DEM. The factors investigated include the bottom diameter of CSF, the cylinder height and the screw flight diameter. In the base model, the descending velocities decrease along the radial direction, and the unevenness of the velocities for the lower part of CSF is the greatest throughout the CSF. To reduce the bottom diameter of CSF increases the descending velocities beyond 0.4R, while to increase the cylinder height or to decrease the screw flight diameter help to restrain the descending velocities in the central area of CSF. Therefore, an optimization model is proposed in order to achieve a uniform descending velocity along the radius of CSF, thus having a better gas distribution and further efficient operation. The optimization model has improved the evenness of descending velocity along the radius greatly, which provides a numerical basis and technical direction for COREX to improve and design CSF.
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